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Abstract

A new comprehensive areal model of earthquake-induced landslides (CAMEL), developed
using fuzzy logic systems, is introduced here. CAMEL provides an integrated framework for
modelling all types of earthquake-induced landslides using geographic information systems.
CAMEL is designed to facilitate quantitative and qualitative representation of terrain
conditions and knowledge about these conditions on the likely areal concentration of each
landslide type. CAMEL is highly modifiable and adaptable; new knowledge can be easily
added, while existing knowledge can be changed to better match local knowledge and
conditions. CAMEL provides an open framework for incorporating other models with
previously incompatible empirical and local knowledge. A brief overview of the model and

example of its application is given here.
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1. Introduction

Presented here is a prototype GIS-based model of earthquake-induced landslide hazard
developed using fuzzy logic systems. Landslides can be classified into three categories:
(Category I) disrupted slides and falls, (Category II) coherent landslides, and (Category III)
lateral spreads and flows [1]. Category I and II landslides occur in rock and soil, while
Category III landslides occur only in soil. Considering landslide type in the context of disaster
risk reduction is critical because of the strong relationship to the form (e.g., fatalities or
structural damage) and severity of damage [1-3]. CAMEL currently evaluates the hazard
from six aggregated types of earthquake-induced landslides: (Category I) disrupted soil slides,
falls, and avalanches; disrupted rock slides and falls; rock avalanches; (Category II) soil
slumps and block slides; rock slumps and block slides; and (Category III) rapid soil flows.
Currently, CAMEL does not model lateral spread failures.

CAMEL was designed for transparency and adaptability to new or local knowledge, as well
as to run with missing or incomplete data. CAMEL predicts areal landslide concentration
(number of landslides per square kilometer) for each landslide type, as well as an uncertainty
factor. The second section of this paper presents the conceptual framework and design of
CAMEL. The implementation of CAMEL is described in the third section, with a brief
example of its application. In the fourth section, the conclusion presents an outline of future

work needed to further the development of CAMEL.

2. CAMEL Design

CAMEL was designed and implemented as a fuzzy logic system. Fuzzy logic systems are a
subset of computing with words (CW) [4], which refers to a large body of methods and
frameworks for numerically representing natural language for the purpose of characterizing
uncertainty and propagating it using some calculus of logic. The foundation of CW is the
concept of the fuzzy set [5]. Fuzzy sets can be thought of as expressing a degree of belonging
ranging between zero (0) and one (1) to a particular category — zero indicating certain not-
belonging and one indicating certain belonging. Fuzzy logic systems refer to a configuration
of IF-THEN rules that relate the fuzzy sets of one or many input variables to fuzzy sets of one

or more output variables. For a more detailed description of fuzzy logic systems refer to [6].

The first step in the development CAMEL or any fuzzy logic systems was knowledge
elicitation. Knowledge elicitation for CAMEL from literature that describes analyses of past



landslide-triggering earthquakes and extracting relevant numerical or correlative information
[1,7-15]. Expert judgment was used to fill any gaps in knowledge from the literature. This
knowledge can be revised or supplemented in the future using empirical data, existing models,
or knowledge elicited from experts. For initial development of CAMEL, it is useful to be able
to use empirical data and existing models to help evaluate the quality of the foundational

sources of knowledge.

CAMEL is comprised of two modules—the possibility and hazard modules—each of which
are made up of several fuzzy IF-THEN rule-blocks (Figure 1). The possibility module
determines whether the occurrence of each respective landslide type is possible. Each rule
block in the possibility module contains rules associated with a specific variable to
collectively determine the degree to which, from zero to one, each landslide type is possible.
The hazard module determines the relative hazard, expressed as areal landslide concentration,
for each possible landslide type. The module treats each landslide type separately in two sub-
modules: static susceptibility and seismic hazard. The seismic hazard sub-module was
designed specifically for use with the ShakeMap product of the U.S. Geological Survey [16].

Importantly, as shown in Figure 1b, the possible range of concentration values is different for

each landslide type.
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Figure 1. (a) Possibility module of CAMEL and (b) Hazard module of CAMEL, showing inputs, outputs (spatial
frequencies of six landslide types), and rule organization.

3. CAMEL Imp

lementation

CAMEL has been implemented in the fuzzy systems development environment FuzzyTech™
and integrated with ESRI’s ArcGIS™ to permit regional analysis. In order to apply CAMEL

for regional-scale modeling, several spatial data layers are required as inputs to the model,



with other layers being optional (Figure 1). Required input data layers include slope gradient,
terrain roughness (unsigned curvature), ground class (soil or rock strength index), degree of

saturation, and ShakeMap intensity.

To illustrate outputs of CAMEL, it was applied to the 1:24,000 Laurel quadrangle, California
(USA), which was the area of highest landslide concentration after the 1989 Loma Prieta
earthquake [17]. A spatial data layer of shaking intensity during the M=6.9 event was
obtained from the USGS ShakeMap site (http://earthquake.usgs.gov/eqcenter/shakemap/,
07/27/07). A 10-meter digital elevation model was used to calculate slope angle, slope height
and terrain roughness. The ground class layer was based on a 1:100,000 geology map of the
area [18]. Completely unsaturated conditions were assumed because of prevailing drought

conditions at the time [17].

Output maps from CAMEL are shown in Figure 2. Two types of outputs are not shown: the
possibility layer for each landslide slide type and the fuzziness (uncertainty) associated with
each landslide concentration layer. Overlain on the maps (hollow circles) are the Category |
landslides mapped after the Loma Prieta earthquake [17]. No distinction is made in the
inventory between rock versus soil Category I landslides. Figure 2a presents the map of
predicted concentrations of disrupted soil slides, falls, and avalanches with the Category I
Loma Prieta landslides overlain. Figure 2b is a hazard map showing predicted disrupted rock
slide and fall concentrations for the Loma Prieta earthquake scenario described above. The
predicted concentrations of rock avalanches for the Loma Prieta earthquake are shown in
Figure 2c. The Loma Prieta earthquake did not trigger any landslides classified as rock
avalanches [17]. No maps are shown for Category II and III landslides because CAMEL
predicted that, under the assumed dry conditions, these landslide types are impossible. There
were 94 Category II landslides in the Laurel quadrangle triggered by the Loma Prieta
earthquake and no Category III landslides [17].

4. Conclusion

Based on visual comparison, CAMEL predictions are generally consistent with the Loma
Prieta landslide inventory, at least for Category I landslides. CAMEL appears to perform best
with respect to disrupted soil slides, falls, and avalanches, while over-predicting the areal
concentration of rock avalanches and disrupted rock slides and falls. Based on the detail of
information available (or that can be inferred) regarding the Loma Prieta landslides, CAMEL

seems to appropriately distinguish between the different landslide types.
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Figure 2. CAMEL output maps for the Laurel quadrangle, California (USA), modeling the 1989 Loma Prieta
earthquake: (a) Disrupted soil slides, falls, and avalanches; (b) disrupted rock slides and falls; and (c) rock
avalanches. Category I landslide mapped after the Loma Prieta earthquake [17] shown as hollow black circles.

Clearly, more work is required to develop and evaluate CAMEL. CAMEL should be
compared against (and modified to incorporate knowledge from) landslide inventories from
other past earthquakes, including the Northridge, California and Chi-Chi, Taiwan earthquakes.
Beyond further evaluation, there are several obvious modifications that will improve CAMEL.
It may be desirable to treat each actual landslide type separately. Lateral spread failures
should be built in as part of CAMEL. A significant improvement to CAMEL would be to
represent the velocity and size of potential landslides. CAMEL is suited for planning related
to disaster risk reduction because it is highly modifiable and adaptable; new knowledge can
be easily added, while existing knowledge can be changed to better match local knowledge
and conditions. As such, CAMEL should not be viewed as a complete alternative to other
models. In fact, the outputs or knowledge of other models can be integrated into CAMEL.
For example, Newmark displacements could be integrated as a possible input for predicting

concentrations of some landslide types.
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